Introduction {#s1}
============

The combination of ketamine and xylazine (KX) is commonly used for anesthesia in rodents \[[@r10], [@r33]\]. Ketamine is an antagonist of the NMDA glutamate receptor \[[@r6], [@r31]\], and it can also bind to opioids and GABAergic receptors \[[@r18]\]. Ketamine is known for its analgesic properties and its induction of a dissociative anesthesia \[[@r9], [@r10]\]. Xylazine is an α~2~-adrenergic agonist that causes sedation, analgesia, and muscular relaxation \[[@r6], [@r10], [@r12], [@r31]\]. KX combinations have proven to be nonirritating and suitable for intraperitoneal injections in laboratory rats \[[@r13], [@r44]\]. The sedative and muscle relaxant properties of xylazine are beneficial because they reduce the side effects of ketamine, such as tremors and muscular rigidity \[[@r37]\]. KX combinations induce bradycardia, hypercapnia, and acidosis \[[@r35], [@r47]\]. Other adverse effects, such as respiratory depression, may be additive \[[@r40]\]. In rodents, the KX combination causes mainly hypotension and hypoventilation \[[@r6]\]. KX anesthesia varies greatly between individuals, and some rodents do not achieve an adequate surgical anesthesia, which is reflected by the high ranges of anesthetic doses of these drugs that are reported in the literature \[[@r6], [@r37]\].

In a previous publication \[[@r50]\], we showed that the pharmacokinetics of ketamine (125 mg/kg) and xylazine (10 mg/kg) differed greatly between young (3 months) and old (\>2 yrs of age) Sprague Dawley rats. The half-lives of both ketamine and xylazine in old rats were significantly increased, which could be explained in part by a decrease in function of liver enzymes with aging. However, no pharmacodynamic parameters were evaluated during anesthesia in that study, and only a limited number of organs were collected for histopathology, which limits the rationalization of these findings. No study has evaluated the pharmacodynamics and pharmacokinetic changes associated with this increased anesthesia effect with aging.

The main objective of this study was therefore to compare the pharmacodymanic (withdrawal and corneal reflexes) changes associated with the administration of 80 mg/kg of ketamine and 10 mg/kg of xylazine in rats from 3 to 18 months of age, as well as other associated anesthetic changes (cardiac and respiratory frequency, blood oxygen saturation, and rectal temperature), to better understand if the anesthesia changes with aging are progressive or change significantly after a given age. A reduced dose of ketamine was chosen due to the severe toxicity seen in 12-month-old rats in our previous study \[[@r11]\]. Pharmacokinetics and blood biochemistry were performed in a reduced number of animals to explain changes associated with physiological measures that occur during anesthesia. Ketamine is metabolized primarily by liver CYP3A \[[@r28], [@r37]\] to its active metabolite norketamine \[[@r29]\]. Alterations in liver metabolism (e.g., hepatic clearance) with aging could explain the higher area under the curve (AUC) observed in the aging rats. The aim of the *in vitro* study was to assess the influence of aging on CYP3A metabolism of ketamine using liver S9 fractions from 3-, 6-, 12-, and 18-month-old rats.

Materials and Methods {#s2}
=====================

Subjects
--------

Twenty-four male SPF Sprague Dawley (Crl:CD (SD)) rats from Charles River (St-Constant, QC, Canada) were used for this study. Two- and 3-month-old rats (n=6/age group) were purchased and kept until they were, respectively, 3 and 6 months old. Twelve 8-month-old retired breeder rats were purchased and kept until they were at 12 and 18 months of age (n=6/age group). At the time of experimentation, the 3-, 6-, 12-, and 18-month-old rats weighed, respectively, 484.0 ± 18.0 g, 732.1 ± 50.4 g, 790.0 ± 65.1 g, and 998.0 ± 74.7 g. All rats were housed in a standard laboratory animal environment under a 12:12-h light cycle in a controlled environment with a temperature of 21 ± 2°C, humidity of 50 ± 20%, and fresh filtered air with 15 changes/hour. The rats had *ad libitum* access to food (2018 Teklad Global 18% Protein Rodent Diet, Harlan Teklad, Bartonville, IL, USA) and reverse osmosis water. The rats were housed individually in ventilated cages (Green Line IVC Sealsafe Plus, Tecniplast Chester, PA, USA) changed once a week. They were housed on corncob bedding (7097 Corncob, Harlan Teklad, Bartonville, IL, USA) and had a high temperature polycarbonate rat retreat (Bio-Serv, Flemington, NJ, USA) and one Nylabone (Bio-Serv, Flemington, NJ, USA) for environmental enrichment. The Institutional Animal Care and Use Committee of the Ste-Justine Hospital Research Center approved the protocol prior to animal use in agreement with the guidelines of the Canadian Council on Animal Care \[[@r3]\].

Treatments
----------

The study was performed in two phases. Rats were first examined for physiological changes and reflexes following KX administration. The KX pharmacokinetics were then evaluated in 3 animals of each age group after a one week washout period. It was considered that this interval was sufficient, since repeated administration of ketamine will only affect drug efficacy when rats receive moderate doses (40 mg/kg) of ketamine for 10 consecutive days \[[@r51]\]. The other 3 animals of each group were used to evaluate *in vitro* liver metabolism. For both study phases, animals received 80 mg/kg of ketamine (Ketalean, Bimeda-MT, Cambridge, ON, Canada) and 10 mg/kg of xylazine (Xylamax, Bimeda-MTC, Cambridge, ON, Canada) intraperitoneally and non-medicated ophthalmic gel to maintain a good lubrication of the cornea following KX induction. Animals remained on a circulating hot water blanket (Heat Therapy Pump, Kent Scientific, Harrington, CT, USA) during anesthesia up to recovery.

Evaluation of reflexes and physiological changes
------------------------------------------------

Following the intraperitoneal KX injection, different parameters were monitored at chosen time points (5, 15, 30, 45, 60, 90, and 120 min). The corneal reflex was evaluated by softly pressing on the cornea with a cotton tip, and the withdrawal reflex was assessed by pressing the interdigital hind paw skin with hemostatic forceps. A small animal oximeter (CANL-425V, Med Associates, St-Alban, VT, USA) was used to monitor cardiac frequency and blood oxygen saturation (SaO~2~) by taping the probe onto the right hind paw. Respiratory frequency was taken over 1 min by direct observation, and rectal temperature (Thermalert TH-8, Physitemp, Clifton, NJ, USA) was taken with a rectal probe. The recovery time was the time at which the first voluntary movement occurred following KX injection.

Blood sampling for biochemistry and pharmacokinetics
----------------------------------------------------

During anesthesia, jugular vein blood collections (0.2 ml/time point) were rapidly collected for the pharmacokinetic study. When necessary (when the withdrawal reflex was present; after 45, 60, and 90 min for the 3-, 6-, and 12--18-month-old rats, respectively), individual blood collections were performed under isoflurane anesthesia (0.5 ml/min oxygen) using a face mask (total collection time: less than 1 min). Blood was collected in 1 ml microtainer K3-EDTA tubes (Becton, Dickenson and Co., Franklin Lakes, NJ, USA), preserved on ice, and centrifuged within 30 min. Plasma was then collected and kept at −80°C until HPLC-MS/MS analysis. At the last blood collection of pharmacokinetics study, rats were euthanized with CO~2~. Using the same 3 animals for the pharmacokinetic study, intracardiac blood samples (1 ml) were the collected at the end of the study in serum tubes (Becton, Dickenson and Co., Franklin Lakes, NJ, USA) for biochemistry and refrigerated until processed (within 24 h) at the diagnostic service of the Faculty of Veterinary Medicine of the University of Montreal by automatic evaluation with a Synchron CX5 Clinical System (Beckman Coulter, Fullerton, CA, USA). Since all rats were under the influence of KX anesthesia, the values obtained in each groups should vary with age. The selected biochemical parameters included glucose, blood urea nitrogen, creatinine, alanine aminotransferase, alkaline phosphatase, total protein, albumin, and globulins. Experimental values were compared with normal ranges taken from published findings \[[@r4], [@r39]\].

Histological preparations
-------------------------

Immediately following euthanasia, the kidneys, liver, heart, and lungs of each animal were collected and preserved in a formalin buffered solution (10%) prior to histological preparations (paraffin embedding; hematoxylin-eosin staining). Specimens were sent to the pathology department of the Faculty of Veterinary Medicine of the University of Montreal for processing. All slides were evaluated by a board certified veterinary pathologist (Dr Pierre Hélie DMV, DACVP).

Bioanalytical methods and pharmacokinetics and statistical analyses
-------------------------------------------------------------------

A high-performance liquid chromatography-tandem mass spectrometer (HPLC-MS/MS) that has previously been described \[[@r20]\] was used for the analysis of ketamine and xylazine plasmatic concentrations. All pharmacokinetic parameters were calculated using WinNonLin 5.2 (Pharsight Corporation, Mountain View, CA, USA) and noncompartmental methods \[[@r36]\]. The elimination rate constant (k~el~) was calculated using a minimum of three measured plasma concentrations, and a terminal elimination half-life (T~1/2~) was calculated using 0.693/k~el~. The area under the curve from time 0 to the last measurable concentration (AUC~0-t~) was calculated using the linear trapezoidal rule, and with the last measured plasma concentration, the area under the curve extrapolated to infinity (AUC~0-∞~) was calculated using the equation AUC~0-t~ + C~last~/k~el~. Relative clearance (CL/F) was calculated by dividing the administered drug dosage by the AUC~0-∞~.

Drug metabolism in liver S9 fractions
-------------------------------------

Liver S9 fractions from 3-, 6-, 12-, and 18-month-old male Sprague Dawley rats were prepared, and Michaelis-Menten parameters were determined for primary metabolic pathways. Midazolam was used to verify and validate CYP3A activity in liver S9 fractions prepared from tissues obtained from animals of different age groups \[[@r15], [@r27], [@r41]\].

Ketamine, d~4~-ketamine, norketamine, d~4~-norketamine, midazolam, d~4~-midazolam, α-hydroxymidazolam, and d~4~-α-hydroxymidazolam were obtained in solution from Cerilliant (Round Rock, TX, USA). Other chemicals, including acetonitrile, formic acid, methanol, sodium phosphate dibasic, and sodium phosphate monobasic were purchased from Fisher Scientific (Ottawa, ON, Canada). Commercial rat liver S9 fractions and NADPH regeneration solutions were obtained from Corning Gentest (Tewksbury, MA, USA).

For each age group, three livers were pooled and homogenized in a 50 mM TRIS-HCl buffer, pH 7.4, containing 150 mM KCl and 2 mM EDTA at a ratio of 1:4 (w:v). The homogenates were centrifuged at 9,000 *g* for 20 min. The total amount of protein in each supernatant was determined using the standard Coomassie protein assay (Bradford). Supernatant aliquots were kept at −80°C until usage. No significant differences in total amount of proteins were noted between age groups. The incubations were performed as previously described \[[@r20], [@r38]\] and were performed minimally in triplicate. They were performed at various concentrations ranging from 1 to 100 *µ*M of ketamine or midazolam in 0.5 mg/ml of S9 fraction proteins diluted in 100 mM phosphate buffer (pH 7.4). Liver S9 enzyme suspensions (total volume of 100 *µ*l) were fortified with 5 *µ*l of NADPH-regenerating solution A (Cat. No. 451200, Corning Inc., Corning, NY, USA) and 1 *µ*l of solution B (Cat. No. 451200, Corning Inc., Corning, NY, USA) and preincubated at 37°C for 5 min prior to the addition of ketamine or midazolam. For the determination of K~m~ and V~max~, the concentration of norketamine or α-hydroxymidazolam was determined after 10 min incubation to calculate the initial rate of formation (i.e., V~i~). Fifty microliters of samples were taken and mixed with 250 *µ*l of the deuterated internal standard solution (1 *µ*M d~4~-norketamine or d~4~-*α*-hydroxymidazolam in acetonitrile) in a 1.5 ml centrifuge tube. Samples were centrifuged at 12,000 *g* for 10 min, and 200 *µ*l of the supernatant was transferred into an injection vial for HPLC-MS/SRM analysis.

The concentrations of norketamine and *α*-hydroxymidazolam were determined using an HPLC-MS/SRM assay derived from our previous publication \[[@r38]\]. Metabolites and corresponding deuterium-labeled molecule analogues were analyzed in full-scan MS/MS using a Thermo Scientific linear ion trap mass spectrometer (Thermo LTQ-XL) and the quantification was based on specific post-processing selected reaction monitoring (SRM) extracted ion chromatograms. The SRM transitions were set to m/z 242.1 → 179.0, 246.1 → 183.0, 342.1 → 297.0, and 346.1 → 301.0 for norketamine, d~4~-norketamine, *α*-hydroxymidazolam, and d~4~-*α*-hydroxymidazolam, respectively. The analytical range used was from 0.05 *µ*M to 50 *µ*M.

Michaelis-Menten equation \[[@r25]\] analyses were performed with GraphPad PRISM (6.0f) software (GraphPad Sofware Inc., La Jolla, CA, USA) using the non-linear curve-fitting module with an estimation of the goodness of fit.

The initial velocity (v~i~) was determined using Equation 1.

The initial rate (v~i~) was calculated based on the concentration of norketamine or α-hydroxymidazolam measured after a 10-min incubation of rat liver S9 enzyme suspensions in ketamine or midazolam. Additionally, the enzyme-mediated clearance (CLu~int~) that would occur without physiological limitations including protein binding or hepatic blood flow was determined using Equation (2).

Statistics {#s3}
==========

For the physiological results (heart rate, respiratory frequency, oxygen saturation, and rectal temperature), statistical analyses were performed for each age group using an analysis of variance (ANOVA) linear model with repeated measures and a post hoc Dunnett's test. All analyses were performed with SAS (version 9.3, SAS Institute Inc., Cary, NC, USA) to evaluate the effect of time for rectal temperature, heart rate, respiratory frequency, and oxygen saturation results. An ANOVA linear model with repeated measures was used to compare the age effect. A priori contrasts were done with an adjustment of alpha by Bonferroni sequential correction to compare means of each group. All results were expressed as the mean ± SEM (excepted for pharmacokinetic and biochemistry results, which were expressed with the standard deviation (SD)), and differences were considered significant at *P*\<0.05.

For the *in vitro* liver S9 fraction study, the statistical differences were assessed with a one-way ANOVA and a Tukey's multiple comparisons test using GraphPad PRISM (version 6.0f); *P*\<0.05 was considered significant.

Results {#s4}
=======

Reflexes and physiological changes
----------------------------------

The withdrawal reflex (WR) ([Fig. 1](#fig_001){ref-type="fig"}Fig. 1.Percent of Sprague Dawley rats (n=6/group; 3, 6, 12, and 18 months old) showing a positive withdrawal reflex when evaluated at selected time points (5, 15, 30, 45, 60, 90, and 120 min), following the intraperitoneal administration of 80 mg/kg of ketamine and 10 mg/kg xylazine.) showed a clear difference in anesthesia duration between the different age groups following the administration of KX. The WR was absent in all 3- and 6-month-old animals at 15 and 30 min, whereas it was absent at 30 min only in all the 12-month-old animals. In 18-month-old animals, only 83% lost the reflex at 15 to 45 min. The WR was present again at 45, 60, 120, and 90 min in all the 3-, 6-, 12-, and 18-month-old rats, respectively. The first voluntary movements were noted at 66.7 ± 7.3, 88.8 ± 29.7, 122.2 ± 16.5, and 104.3 ± 17.5 min in the 3-, 6-, 12-, and 18-month-old rats, respectively. The corneal reflex results following KX anesthesia are shown in [Fig. 2](#fig_002){ref-type="fig"}Fig. 2.Percent of Sprague Dawley rats (n=6/age group; 3, 6, 12, and 18 months old) showing a positive corneal reflex evaluated at tentatively selected time points (5, 15, 30, 45, 60, 90, and 120 min), with evaluation ending when all animals had a positive corneal reflex following the intraperitoneal administration of 80 mg/kg of ketamine and 10 mg/kg xylazine.. The reflex was absent in all groups at 15 and 30 min, except for two 3-month-old rats. The 3-month-old rats lost their corneal reflex very rapidly, since it was already absent following KX administrations. The corneal reflex was present again in 40--60% of rats in all groups at tentatively selected time points, with the evaluations ending when all animals had a positive corneal reflex.

Cardiac frequency ([Fig. 3](#fig_003){ref-type="fig"}Fig. 3.Mean (± SE) cardiac frequency (beat/min) in Sprague Dawley rats (n=6/age group; 3, 6, 12, and 18 months old) following an intraperitoneal administration of 80 mg/kg of ketamine and 10 mg/kg xylazine. The heart rate was evaluated with a pulse oximeter tentatively at selected time points (5, 15, 30, 45, 60, 90, and 120 min), with evaluation ending when all animals had a positive withdrawal reflex. A significant difference between the 3-month-old group and the older groups was seen only at the 30 min time point. \* *P*\<0.01 (post hoc Dunnett's test).) varied significantly with time in the 3- (F~4,20~=2.71, *P*=0.05), 6- (F~4,25~=3.12, *P*\<0.05), 12- (F~6,30~=7.13, *P*\<0.01), and 18-month-old rats (F~5,25~=4.61, *P*\<0.01). Significant age group differences are shown in [Fig. 3](#fig_003){ref-type="fig"}. Respiratory frequency ([Fig. 4](#fig_004){ref-type="fig"}Fig. 4.Mean (± SE) respiratory frequency (breaths/min) in Sprague Dawley rats (n=6/age group; 3, 6, 12, and 18 months old) following an intraperitoneal administration of 80 mg/kg of ketamine and 10 mg/kg xylazine. The respiratory frequency was measured by direct observation at 5, 15, 30, 45, 60, 90, and 120 min, and measurement ended when all animals had a positive withdrawal reflex. No significant difference between groups.) varied significantly with time in the 3- (F~4,20~=6.99, *P*=0.002), 6- (F~4,20~=7.21, *P*\<0.001), 12- (F~6,30~=4.78, *P*\<0.002), and 18-month-old rats (F~5,25~=6.45, *P*\<0.01). No significant age group differences occurred ([Fig. 4](#fig_004){ref-type="fig"}). Blood oxygen saturation ([Fig. 5](#fig_005){ref-type="fig"}Fig. 5.Mean (± SE) blood oxygen saturation (%) in Sprague Dawley rats (n=6/age group; 3, 6, 12, and 18 months old) following an intraperitoneal administration of 80 mg/kg of ketamine and 10 mg/kg xylazine. The SaO~2~ was evaluated with a pulse oximeter at tentatively selected time points (5, 15, 30, 45, 60, 90, and 120 min), with evaluation ending when all animals had a positive withdrawal reflex. A significant difference (post hoc Dunnett's test\*) between groups was seen only at 5 min between 3- (*P*\<0.002) and 6-month-old (*P*\<0.02) animals compared with 12-month-old animals.) did not vary significantly for 6-month-old rats but varied significantly in the 3- (F~4,20~=3.71, *P*=0.03), 12- (F~6,30~=10.12, *P*\<0.001), and 18-month-old rats (F~5,25~=7.07, *P*\<0.0005). Since these comparisons were done with the results for the 5-min time point result, this suggests that blood oxygen saturation returned to near normal values (\>90%) at the end of anesthesia, except in the 6-month-old rats. Significant age group differences are shown in [Fig. 5](#fig_005){ref-type="fig"}.

Rectal temperature ([Fig. 6](#fig_006){ref-type="fig"}Fig. 6.Mean (± SE) rectal temperature (°C) in Sprague Dawley rats (n=6/age group; 3, 6, 12, and 18 months old) following an intraperitoneal administration of 80 mg/kg of ketamine and 10 mg/kg xylazine. The rectal temperature was evaluated at tentatively selected time points (5, 15, 30, 45, 60, 90, and 120 min), with evaluation ending when all animals had a positive withdrawal reflex. A significant difference between 6-month-old animals and other age groups was seen at 30 and 45 min (*P*\<0.01; post hoc Dunnett's test)) did not vary with time in the 3- (F~4,20~=1.79, *P*\<0.17), 6- (F~4,20~=2.30, *P*\<0.09), and 12-month-old rats (F~6,30~=1.32, *P*\<0.28). However, rectal temperature was significantly affected in the 18-month-old rats (F~5,25~=5.57, *P*\<0.0005).

Pharmacokinetics
----------------

Mean pharmacokinetic parameters (± SD) are presented in [Table 1](#tbl_001){ref-type="table"}Table 1.Mean (SD) plasmatic pharmacokinetic parameters following a single intraperitoneal injection of ketamine (80 mg/kg) and xylazine (10 mg/kg) administered to male Sprague Dawley rats (n=3/group) of different agesPharmacokinetic parameters (units)Age (months)361218KetamineAUC~0-t~(*µ*g.h/ml)2.02 (0.03)4.01 (0.28)^4^5.88 (0.13)^4,3^8.39 (0.44)^4,4^AUC~0-∞~ (*µ*g.h/ml)3.24 (0.16)7.77 (0.71)^1^12.75 (2.25)^4,2^13.94 (1.22)^4,2^k~el~ (h^-1^)0.14 (0.01)0.08 (0.02)^2^0.07 (0.02)^2,ns^NDT~1/2~ (h)5.61 (0.28)8.41 (1.44)^ns^10.29 (2.90)^2,ns^NDCL/F (ml·min^-1^)24.76 (1.24)10.35 (0.95)^4^6.41 (1.15)^4,1^5.77 (0.50)^4,ns^XylazineAUC~0-t~ (*µ*g.h/ml)2.67 (0.19)3.54 (0.17)^2^4.94 (0.35)^4,3^7.42 (0.22)^4,3^AUC~0-∞~ (*µ*g.h/ml)2.83 (0.26)4.00 (0.11)^2^5.87 (0.01)^4,4^8.56 (0.38)^4,4^k~el~ (h^-1^)0.34 (0.04)0.26 (0.02)^1^0.22 (0.05)^1,ns^NDT~1/2~(h)2.09 (0.29)2.71 (0.26)^ns^3.25 (0.73)^ns,\ ns^NDCL/F (ml·min^-1^)3.55 (0.32)2.50 (0.07)^3^1.70 (0.01)^4,2^1.17 (0.05)^4,1^AUC~0-∞~, area under curve extrapolated to infinity; AUC~0-t~, area under curve from time zero to the last measured concentration; k~el~, terminal elimination rate constant; T~1/2~, terminal elimination half-life; CL/F, relative clearance rate; ND, not determined. Post hoc Tukey statistics reported for 6-, 12-, and 18-month-old rats when compared with 3-month-old animals (first value) as well as for 6-12 and 12-18 groups (second value): ^1^*P*\<0.05; ^2^*P*\<0.01; ^3^*P*\<0.001; ^4^*P*\<0.0001. ns, non-significant., and mean concentration-time profiles are presented in [Fig. 7.](#fig_007){ref-type="fig"}\>Fig. 7.Mean (± SD) concentration-time profiles of ketamine (top) and xylazine (bottom) in male Sprague Dawley rats (n=3/group; 3, 6, 12, and 18 months old) following a single intraperitoneal injection of ketamine (80 mg/kg) and xylazine (10 mg/kg). Drug exposure increased for both ketamine and xylazine with aging, as shown by the AUC~0-t~ and AUC~0-∞~. Compared with the 3-months-old rats, ketamine exposure (AUC~0-t~) increased by factors of 1.98, 2.94, and 4.15 in the 6-, 12-, and 18-month-old rats, respectively, whereas xylazine exposure increased by factors of 1.33, 1.85 and 2.78. The terminal elimination rate constant (k~el~) decreased, and the terminal elimination half-lives (T~1/2~) increased for both ketamine and xylazine with increasing age. These parameters were not calculated for 18-month-old rats, since the correlation of the data measured from the last three data points was less than 90%. The relative clearance of both drugs decreased with aging. When compared with the 3-month-old rats, relative clearance was decrease by 58, 74, and 77% for ketamine and by 30, 52, and 67% for xylazine in the 6-, 12-, and 18-month-old rats, respectively.

Histopathology
--------------

No lesions were observed in selected tissues from the animals independently of the age group.

Blood biochemistry
------------------

Mean biochemical parameters (± SD) are presented in [Table 2](#tbl_002){ref-type="table"}Table 2.Mean (SD) biochemistry parameters following a single intraperitoneal injection of ketamine (80 mg/kg) and xylazine (10 mg/kg) administered to male Sprague Dawley rats (n=3/group) of different agesBiochemistry parameters (units)Normal valuesAge (months)361218Glucose (mmol/l)4.4--16.79.3 (1.3)12.9 (3.2)17.6 (6.0)28.8 (9.0)BUN (mmol/l)3.9--8.29.6 (1.1)9.9 (1.7)11.8 (1.8)13.0 (2.3)Creatinine (mmol/l)35--12340.0 (3.5)45.3 (5.8)58.7 (8.3)65.7 (16.0)ALT (U/l)28--4055.7 (9.2)48.7 (9.0)56.0 (15.9)62.0 (7.2)ALP (U/l)150--220215.3 (53.4)138.0 (28.2)142.3 (23.7)164.7 (35.3)Total proteins (g/l)58--6664.6 (0.6)61.1 (1.0)56.1 (6.1)59.4 (7.2)Albumin (g/l)33--4632.8 (0.3)31.5 (1.8)28.3 (2.6)28.3 (3.9)Globulins (g/l)17--3031.8 (0.6)29.6 (1.8)27.8 (3.6)31.1 (1.3)ALP, alkaline phosphatase; ALT, alanine aminotransferase; BUN, blood urea nitrogen.. All parameters were within normal limits except for an increase with age above the higher limit values for BUN and ALT. ALT fell within normal limits if we consider the post-anesthesia concentrations \[[@r49]\]. Glucose concentrations increased with aging and were slightly above normal in 12-month-old rats and very high in 18-month-old rats. Creatinine concentrations also increased with aging but stayed within normal limits. Total proteins were within normal limits in all groups, however, albumin decreased with aging. In another study, it was reported that a decrease in total proteins occurred with aging and post KX administration \[[@r49]\].

Drug metabolism in liver S9 fractions
-------------------------------------

The results were consistent with the kinetics following a Michaelis-Menten enzymatic reaction for all rat liver S9 fractions from all age groups ([Fig. 8](#fig_008){ref-type="fig"}Fig. 8.Determination of Michaelis constant (K~m~) and maximum velocity (V~max~) using nonlinear regression fitting in S9 liver fractions from 3-, 6-, 12-, and 18-month-old rats. Each point represents the mean (± SD) of experiments in triplicate. Significant differences in the initial rate of formation (V~i~) were observed starting at the 5 *µ*M substrate concentration for liver S9 fractions of 18-month-old rats. \* *P*\<0.05; \*\* *P*\<0.01; \*\*\*\* *P*\<0.0001.), and the data were compatible with those of commercial rat liver S9 fractions (data not shown). The derived data are presented in [Table 3](#tbl_003){ref-type="table"}Table 3.Kinetic parameters associated with the formation α-hydroxymidazolam and norketamine in liver S9 fractions from aging rats*α*-HydroxymidazolamV~max~\
nmol min^--1^ mg^--1^K~m~\
*µ*M (nmol ml^--1^)CLu~int~\
ml min^--1^3 month liver S9 fractions0.247 (± 0.017)4.32 (± 0.26)0.0576 month liver S9 fractions0.264 (± 0.021)6.22 (± 0.99)0.04212 month liver S9 fractions0.216 (± 0.020)4.18 (± 0.05)0.05218 month liver S9 fractions0.040 (± 0.003)^1^3.76 (± 1.45)^3^0.011Norketamine3 month liver S9 fractions2.39 (± 0.23)15.99 (± 4.28)0.1506 month liver S9 fractions2.61 (± 0.18)18.38 (± 3.85)0.14212 month liver S9 fractions2.07 (± 0.07)19.04 (± 0.94)0.10918 month liver S9 fractions0.68 (0.02)^2^2.65 (± 0.49)^4^0.256^1,2^*P*\<0.001; ^3^*P*\>0.05; ^4^*P*\<0.05.. Midazolam is a well-characterized substrate of CYP3A and the primary biotransformation product is *α*-hydroxymidazolam. The observed K~m~ values were not significantly different when comparing age groups ([Table 3](#tbl_003){ref-type="table"}). This suggests that the enzyme-substrate complex structure was not significantly different between midazolam and CYP3A with age. However, the derived V~max~ suggested a rapid saturation of the CYP3A enzyme active sites in liver S9 fractions of 18-month-old rats, thus affecting significantly the intrinsic clearance (CLu~int~) of the drug. Interestingly, the derived K~m~ value for ketamine significantly changed in 18-month-old rats. This observation is very distinctive compared with the rat liver CYP3A-mediated metabolism of midazolam.

Discussion {#s5}
==========

In this study, ketamine (80 mg/kg) and xylazine (10 mg/kg) caused a short duration anesthesia in all 3- and 6-month-old rats; however, it was increased in the 12-month-old rats and even more so in 18-month-old rats. The withdrawal reflex and the first voluntary movement following KX administrations occurred progressively later with aging. These results suggest a clear effect on anesthesia depth and duration with aging and related factors. Regarding the physiological changes seen with KX anesthesia, cardiac frequency significantly decreased in 6-, 12-, and 18-month-old animals when compared with the 3-month-old rats. Cardiac frequency remained depressed in older rats at the end of anesthesia. Respiratory frequency significantly decreased in all groups but returned to near normal values during recovery from anesthesia. The decreased blood oxygen saturation is most probably associated with the decreased cardiac and respiratory frequencies. These results suggest a strong effect of KX administration that was not importantly affected by aging, except for cardiac frequency. Apart from the 18-month-old rats, rectal temperature did not show a significant difference with aging following KX administration. Our previous results \[[@r11], [@r50]\] showed an increase in the depth and duration of KX anesthesia with increasing age, although much higher doses (125 mg/kg) were administered to the animals; however, cardiac and respiratory frequency as well as blood oxygen saturation were similarly affected at both 80 and 125 mg/kg with increasing age.

KX injectable anesthesia is mostly used in laboratory animals \[[@r10], [@r33]\]. Ketamine produces short unconsciousness and has analgesic properties. Xylazine is an analgesic medication used to minimize side effects of the use of ketamine such as muscle stiffness \[[@r21], [@r37], [@r45]\]. The analgesic and sedative properties of this drug combination leads to an increased depth of anesthesia associated with respiratory depression, bradycardia, hypercapnia, and acidosis \[[@r35], [@r39], [@r47]\]. Our results confirm these cardiac and respiratory effects but show that the cardiac depression is more pronounced with aging, with a long recovery of respiratory frequency for the animals over 3 months of age. However, blood oxygen saturation is significantly decreased in younger animals in the first 5 min following KX administration.

The pharmacokinetics results confirm results obtained for the withdrawal and corneal reflexes; that is, a longer anesthesia duration was correlated with greater drug exposure. For both ketamine and xylazine, drug exposure (AUC) increases, and the clearance decreases, with aging. The significant increase in the AUC values of both ketamine and xylazine suggests that toxicity occurs in aged animals if higher drug concentrations are used \[[@r11]\]. The half-lives of ketamine and xylazine are, respectively, 2 and 1 h in 8--12 week-old rats \[[@r49]\]. In our previous study, we found that the half-lifes of ketamine and xylazine were, respectively, 8.5 and 13 h in aged rats (\>2 years old) \[[@r50]\]. Therefore, the pharmacokinetics are affected as rats age, and this could be due to many factors. A decrease in albumin plasmatic concentrations with aging would increase the free fraction of drugs in plasma and therefore increase anesthesia depth. Many other factors can affect the pharmacokinetics of drugs, such as sex, nutrition, environmental conditions, and diseases \[[@r17], [@r42], [@r45], [@r50]\]. Many changes associated with aging could affect the metabolism of drugs, such as chronic subclinical inflammation, obesity (e.g., storage of the lipid-soluble drugs in fat tissues), and diminished exercise \[[@r25]\]. We evaluated S9 liver metabolism, as it is one of the important organs responsible for drug metabolism, the others being the kidney and the brain.

Ketamine is metabolized by the liver \[[@r24]\] into active metabolites, mainly norketamine, an NDMA receptor antagonist \[[@r16]\], and hydroxynorketamine, a nicotinic acetylcholine receptor antagonist \[[@r43]\]. Norketamine induces anesthesia, whereas hydroxynorketamine is not an anesthetic \[[@r22]\] but possesses antidepressive properties \[[@r42]\]. From our findings, we see that formation of norketamine results in a very rapid saturation in the liver S9 fractions of 18-month-old rats, suggesting that following a commonly administered anesthetic dose of ketamine (80 mg/kg), drug metabolism is impaired, leading to a significant increase of drug exposure (AUC) and a decrease of elimination. These results are in accordance with our recent *in vivo* investigation \[[@r9], [@r50]\]. Our results suggest that norketamine is mainly produced in animals of 3--12 months of age and would contribute much less to the anesthesia with aging. Further studies should measure the plasma concentration of norketamine to confirm this hypothesis. Xylazine is metabolized into multiple metabolites, and up to 70% is eliminated in the urine \[[@r30]\]. Rat cytochrome P450 enzymes, mainly CYP3A, are involved in the metabolism of ketamine and xylazine \[[@r46]\], and qualitative changes in liver metabolism with aging could explain the high blood concentration of both drugs as the rat ages \[[@r34]\]. CYP2B6 plays a non-negligible role in the metabolism of ketamine; however, when looking at the concentration of individual CYPs, CYP 3A is predominantly involved in the metabolism of these anesthetic drugs \[[@r32], [@r54]\]. A previous study demonstrated alterations of hepatic clearance of a CYP3A substrate, rate of absorption, and hepatic blood flow following anesthesia \[[@r51]\], and altogether liver metabolism appears to be one of the mechanisms explaining alterations in anesthetic drug effects. Although the liver is often assumed to be the main organ for drugs metabolism, Edwards *et al.* showed that ketamine metabolism may also occur in the kidney and to a lesser extent in the lung and gut \[[@r8]\]. Also, ketamine is a racemate of equal concentrations of (R)- and (S)-enantiomers, and the (R)-enantiomer is much more potent than the (S)-enantiomer. This also holds true for the enantiomers of norketamine \[[@r7]\]. These findings were obtained when norketamine was evaluated as an NMDA receptor antagonist in cortical and spinal cord preparations \[[@r7]\]. Our findings do not suggest a clear correlation between anesthesia depth and duration with liver metabolism, and this may be due in part to the metabolism in other organs, the distribution of different enantiomers in different organs, and the differences in permeability of the blood-brain barrier that occurs with aging and associated factors.

K~m~ is an indicator of the affinity that an enzyme has for a particular substrate, hence the thermodynamic stability of the enzyme-substrate complex. The stability of the enzyme-substrate complex is closely related to the enzyme structure. It plays a central role in defining the energetically favored binding cluster of the substrate in the active enzyme site \[[@r20]\]. As shown *in silico*, the structure of the binding cluster may lead to different metabolites or affect the rate of formation \[[@r46]\]. [Figure 8](#fig_008){ref-type="fig"} shows results consistent with the kinetics following a Michaelis-Menten enzymatic reaction for all rat liver S9 fractions from all age groups; these data were compatible with those of commercial rat liver S9 fractions (data not shown). The derived data are presented in [Table 3](#tbl_003){ref-type="table"}. Midazolam is a well-characterized substrate of CYP3A, and its primary biotransformation product is *α*-hydroxymidazolam. As illustrated in [Table 3](#tbl_003){ref-type="table"} and [Fig. 8](#fig_008){ref-type="fig"}, the observed K~m~ values were not significantly different when comparing age groups. This is interesting because it suggests that the enzyme-substrate complex structure was not significantly different between midazolam and CYP3A (i.e., CYP3A1 and CYP3A2) with age. However, the derived V~max~ suggests a rapid saturation of the CYP3A enzyme active sites in liver S9 fractions of 18-month old rats, significantly affecting the intrinsic clearance (CLu~int~) of the drug. Interestingly, the derived K~m~ value for ketamine changed significantly in geriatric rats. This observation is very distinctive compared with the rat liver CYP3A-mediated metabolism of midazolam. The K~m~ value is directly related to the thermodynamic stability of the binding cluster of ketamine in the active site of CYP3A. The data indicates a significant decrease of K~m~ in liver S9 fractions of 18-month-old rats and suggest that ketamine may have stronger interactions with CYP3A active site residues, leading to a more thermodynamically stable enzyme-substrate complex. However, it may also suggest that the enzyme binds the substrate more tightly and consequently requires more energy to form the activated transition state complex (EX^‡^), a necessary intermediary in formation of the enzyme-product complex (EP), as shown in Equation 3.

Free energy difference associated with the formation of the enzyme-substrate complex (*Δ*G~binding~) can have a significant impact on the observed K~m~, but an increase of the *Δ*G^‡^ (difference in free energy between EX^‡^ and ES) can also significantly decrease the rate constant k~cat~ (i.e., turnover number), which represents the number of substrate molecules each enzyme site can convert to a metabolite per unit of time. The rate constant k~cat~ can be related to V~max~ using the Equation 4.

As illustrated in [Fig. 8](#fig_008){ref-type="fig"} and [Table 3](#tbl_003){ref-type="table"}, derived V~max~ values shows significant differences with age, specifically when comparing with results obtain from liver S9 fractions of 18-month-old rats. A decreased V~max~ suggests a rapid saturation of the CYP3A enzyme active sites, similar to what was observed with the reference CYP3A substrate midazolam. These results are therefore compatible with the formation of a more stable enzyme-substrate complex (ES) but a less favorable transition state complex (EX^‡^), leading to an increase of *Δ*G^‡^ and thus a decrease of k~cat~ and V~max~. Conformational change of the CYP3A active site with age can potentially explain these results, and protein misfolding is characteristic of several age-related problems. The interaction of the active site residues is substrate dependent, and the results appear to suggest that an energetically favored binding cluster of ketamine in the active site of CYP3A is observed with age, but interestingly, this effect was not observed for midazolam. The formation of a more stable enzyme-substrate complex (ES) may have severe consequences on drug-drug interactions, a major issue in geriatric populations. The observed CLu~int~ diminishes with aging, which is associated with the midazolam CYP3A-catalyzed reaction, but increases for ketamine ([Table 3](#tbl_003){ref-type="table"}). The calculation of CLu~int~ assumes that the concentration of the enzyme catalytic sites remain constant. This assumption cannot be made if conformational changes of the CYP3A active site occurs with aging. Consequently, CLu~int~ cannot be compared between age groups for the ketamine CYP3A-mediated reaction.

No gross pathologies were found, and blood biochemistry parameters were near normal considering the effects of the KX anesthesia. With high BUN and normal creatinine concentrations, the results may suggest the beginning of a subclinical renal disease; however, no histopathological findings were noted in older animals. High ALT and ALP may be the side effects of a long-term high fat diet \[[@r23], [@r52]\], however, these parameters are also increased with KX anesthesia. Increased glycemia could be caused by xylazine, which is known to induce hyperglycemia \[[@r26]\]. Ketamine and xylazine are molecules that bind to albumin. A lower albumin plasmatic concentration with aging will increase the unbound fraction of ketamine and xylazine in the blood and could explain in part the longer recovery from anesthesia awakening in older rats \[[@r5]\]. KX anesthesia associated with hypoalbuminemia could also reflect the drug effect on hepatic metabolism even without lesions \[[@r14], [@r24]\]. In the present study, blood biochemistry and histopathology offered little explanation for the physiological changes seen during KX anesthesia.

Ketamine and xylazine are widely distributed in tissues because they are lipophilic drugs \[[@r43]\]. Since rats show an increase in fat deposits in organs with aging and also get less exercise, these fats deposits could act as a form of storage and slow release of ketamine and xylazine. These drugs should also penetrate readily well perfused organs such as the brain; however, both ketamine and xylazine are known to decrease brain perfusion \[[@r21]\]. With aging, there is a disruption of the blood-brain barrier \[[@r28], [@r48]\], making it less permeable to molecules, which is caused by activation of drug efflux pumps \[[@r19]\]. All these characteristics explain the decrease in anesthesia depth and duration as well as the longer time to recovery seen in aging animals \[[@r50], [@r53]\]. Further studies evaluating the availability of ketamine and xylazine in brain tissue should be conducted to verify this hypothesis. However, increasing the xylazine concentrations would be detrimental in aging animals, since it causes pulmonary edema and effusion at high blood concentrations \[[@r1], [@r2], [@r11]\]. Reversing this effect with an *α*2-antagonist (e.g., yohimbine) following recovery is an option that needs to be evaluated.

Physiological differences between the experimental groups suggest that KX injectable anesthesia is a poor anesthetic choice for aging rats. Age and the related factors have a substantial effect on ketamine and xylazine availability by changing the pharmacokinetics of these drugs, which translated into shorter and less effective anesthesia in aging rats.
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